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In the 21 st century, the era of technology, it is common to rely on digital navigation systems for orientation. Irrespective of whether we know the route to a destination or not, we simply follow the directions of a GPS system that is implemented in our car or mobile phone. If we go off course or take a wrong turn, the GPS system warns us immediately and redirects us to the correct route. Without using modern technology, however, we can still navigate by turning our attention to landmarks or road signs. But how can we orient in the absence of landmarks or street names, for example, when sitting in a boat in the middle of the ocean? Under such conditions, the sun is one of the few remaining orientation cues. By keeping a fixed heading to the sun, we avoid paddling around in circles and can at least steer our boat away from the current location. Many insects successfully orient using the sun as a reference. The orientation tasks can be highly diverse, ranging from ants finding home after foraging to migrating monarch butterflies that travel long distances in a particular geographical direction. But how about animals, such as the fruit flies, that do not exhibit such navigation behaviors? Do they also use a sun compass to keep track of their heading? In this issue of Current Biology, Giraldo et al. [1] report how they elegantly combined behavioral, genetic, and electrophysiological techniques to test whether fruit flies use the sun for orientation. Their study shows that fruit flies can use a sun compass to hold their course for at least up to six hours. Further, the authors characterized a group of neurons in the brain that represent a fundamental component of the fly's internal GPS system: these neurons encode the animal's heading with respect to the sun.
To test for the use of a sun compass in a well-controlled and featureless environment, much like in the aforementioned scenario of a boat in the middle of an ocean, Giraldo et al. [1] first tethered flies at the center of a flight arena. The arena's inner surface was equipped with LED panels that allowed various visual cues to be presented to the flies. The authors simulated flight-dependent changes of the scenery by adjusting the positions of the visual stimuli when the flies attempted to turn. For instance, when a fly increased its wing stroke amplitude of the left wing, indicating a rotation of the animal towards right, the visual stimulus turned left. Thus, although the flies could not perform any flight rotations, the visual scene was moved as if the flies themselves were turning.
A small green light spot that insects, such as dung beetles [2] , interpret as the sun served as an ersatz sun during their experiments. The flies maintained constant flight directions relative to the ersatz sun, suggesting that they can indeed use the sun to hold a constant flight direction. But instead of simply performing a phototactic behavior, in which case they would fly directly towards the ersatz sun, the flies exhibited menotactic behavior: this means that they flew in all possible directions relative to the ersatz sun ( Figure 1A,C) . Importantly, the flies maintained their specific course for at least up to six hours even after flight interruptions. This observation clearly shows that spatial memory is involved in this orientation behavior. Current Biology
Dispatches
Similar behavioral results have recently been reported [3] 
The chance of finding sufficient food, and hence maximizing their survival rate, is highest if animals disperse effectively.
To select routes, animals may not only profit from celestial cues but could, in addition, use orientation cues provided by the landscape, such as the silhouette of a tree. Giraldo et al. [1] therefore tested the flies' orientation behavior with respect to a dark vertical stripe. Interestingly, this time the flies did not show arbitrary steering directions but instead they tended to fixate and approach the stripe (Figure 1B,D) . It is possible that the flies interpreted the stripe as a landing spot or even as a feeding site [5] . The discrepancy between the behaviors exhibited to the ersatz sun and the stripe suggests that flies use two different orientation strategies when viewing these scenes. Stripe fixation could simply be achieved through flying towards a dark region. In contrast, the menotactic behavior to the ersatz sun may require more complex neuronal mechanisms. To maintain a constant steering direction relative to an orientation cue like the sun, the animal might compare its current steering direction with the desired heading.
Thus, sensory visual and motor information needs to be continually integrated, computed, and matched with the desired heading to elicit an appropriate goal-directed movement.
The central complex, a region in the fly's brain, is such an integration center for visual and motor information and therefore provides the neural machinery necessary for processing angular-dependent orientation behavior [6, 7] . This brain region mainly consists of the protocerebral bridge, the fanshaped body, and the ellipsoid body (Figure 2A) . In many insects, the central complex has been proposed to act as an internal compass; however, whether it also encodes the sun's position in fruit flies was not previously known.
To investigate whether the central complex plays a key role as the neural substrate for sun navigation in Drosophila, Giraldo et al. [1] repeated the behavioral experiments, but this time they simultaneously calciumimaged the neural activity in the fly's central complex. The protocerebral bridge and the ellipsoid body can be subdivided into 16 slices. Each slice of the protocerebral bridge is interconnected with a slice of the ellipsoid body via so-called E-PG neurons. This results in a highly structured connectivity pattern between the protocerebral bridge and the ellipsoid body.
E-PG neurons have recently been reported to have properties akin to those of mammalian-like head-direction cells. In previous experiments [7] , the activity of E-PG neurons was imaged in walking flies while experiencing different visual cues as orientation references. Interestingly, the entire set of E-PG neurons encode the fly's visual scenery and forms an activity bump in the ellipsoid body. The bump's position shifts along the slices of the ellipsoid body when the animal performs any rotational movements. Irrespective of the scene, the visual environment is always represented as one activity bump in the ellipsoid body. Because of the branching pattern of the E-PG cells, the activity bump in the ellipsoid body gives rise to two activity bumps, eight slices apart, in the protocerebral bridge (Figure 2A) . Giraldo et al. [1] imaged the activity of E-PG neurons and found that bright visual cues, such as the position of the ersatz sun, are represented by two activity bumps in the protocerebral bridge.
Thus, the E-PG neurons not only encode landmarks in walking flies [7] , but also process visual cues while the animal is flying. As the activity of the E-PG neurons relies on both visual information and motor feedback [7] , this allows the fly to compute and maintain any possible bearing to the sun. Is the activity of E-PG neurons Dispatches therefore essential for the flies to maintain arbitrary headings? To test this, Giraldo et al. [1] specifically silenced the activity of the E-PG neurons and, again, tested the flies' orientation behavior. Interestingly, flies lacking functional E-PG neurons tend to fly directly towards the ersatz sun as previously shown for the vertical stripe. Thus, the authors demonstrated that E-PG neurons are indeed necessary for menotactic rather than phototactic orientation behavior to the sun. The decision of steering directly towards or arbitrarily relative to a stimulus is not based solely on the stimulus' appearance, for example its shape. Recent results from Green et al. [8] in walking Drosophila show that the flies can also maintain arbitrary steering directions relative to the position of a vertical stripe. Differences in the behavioral results of the two studies may originate from differences in the behavioral context. While flying animals tend to fixate the vertical stripe to approach a landing site, a walking fly may use a vertical stripe as orientation landmark to move in any possible direction. It has also been shown that fruit flies fixate a stripe at the onset of flight, but then choose arbitrary headings after some time [9] . These results open up the possibility that a fly initially interprets the vertical stripe as a local landmark, but, when the stimulus does not increase in size during flight, the cue might then be interpreted as a global rather than a local landmark.
The work of Giraldo et al. [1] shows for the first time that Drosophila can use a sun compass for maintaining a steering direction for at least six hours. In contrast to behaviors in other insects, powerful genetic tools developed for this species allow researchers to turn off certain neurons in the brain, such as the E-PG cells in this study, and to investigate whether the animal is still able to keep track of its heading.
Although recent papers [7, 10] give us detailed insights into how the central complex controls the orientation behavior of flies, many elements of the orientation compass remain unexplored. For instance, which neurons store the fly's heading, allowing the animal to keep the same heading for several hours? A recent model of the bee's central complex proposes a set of central complex neurons as memory cells [11] : silencing these neurons and other possible candidates should shed light onto the neuronal network that stores the heading information. In addition, our recent understanding of the central complex is based solely on movements in two dimensions, but flies not only rotate during flight but perform also pitch and roll maneuvers when navigating the world.
Given the parallels in functionality between head-direction cells in mammals and E-PG neurons in insects, it remains an open and exciting question whether the E-PG neurons of flies encode head directions in three dimensions, as it has recently been shown in flying mammals [12] . Indeed, the neurons delivering inputs to the E-PG neurons process visual cues in an elevation-dependent manner [13] . The E-PG neurons of the Drosophila's ellipsoid body may therefore encode the animal's world in three dimensions ( Figure 2B ). Considering this, the neural network underlying orientation and navigation might be more similar between invertebrates and vertebrates than is currently understood, and comparative approaches seem to be optimal to fully describe the fundamental principles of animal navigation and orientation -in both smaller and larger brains.
